T he caseinolytic protease P (ClpP) is a highly conserved enzyme present in bacteria and higher organisms (1) (2) (3) . ClpP is responsible for cell homeostasis and among other duties for the regulation of bacterial virulence in several pathogens including Staphylococcus aureus and Listeria monocytogenes (4, 5) . Early structural studies revealed the topology of the Escherichia coli ClpP complex that consists of two heptameric rings building up a 300 kDa cylinder (Fig. 1A) (6) . The interior of this proteolytic machinery exhibits 14 active sites flanked by axial pores that allow protein substrates to enter the hydrolytic chamber. ClpP gains its catalytic activity in complex with AAA + -chaperones (such as ClpC, ClpE, and ClpX in the case of L. monocytogenes). These ATP-dependent enzymes bind to the axial pores of ClpP, unfold the protein prone to degradation, and direct it into the proteolytic chamber (7) (8) (9) .
A close-up view of a single ClpP monomer reveals several characteristic structural features that are conserved among this class of proteases. To harmonize the ClpP nomenclature for all subsequent discussions, we use a general sequence numbering based on the first determined crystal structure of ClpP from E. coli [EcClpP, Protein Data Bank (PDB) ID code 1TYF] (10) (Fig. 1B) . According to this nomenclature, a catalytic triad (Ser98, His123, Asp172) essential for proteolysis, a central E-helix with a Gly-rich loop region essential for interring contacts between the two heptamers, and a N-terminal region essential for interaction with a AAA + -chaperone can be observed in all published X-ray structures to date (Fig. 1A, Fig. S1B ) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Cocrystallization of E. coli ClpP with an irreversible dipeptide chloromethylketone inhibitor confirmed the reactivity of the catalytic triad residues Ser98 and His123 and illustrate a binding site for the dipeptide within the Gly-rich loop region that adopts an antiparallel betastrand (19) (Fig. 2) . Recently, two conformations of ClpP from S. aureus have been reported that are thought to represent physiologically important states with an active and an inactive catalytic triad corresponding to an extended and a bent E-helix, respectively ( Fig. S2) (11, 12) . In addition, a highly conserved aspartate/arginine sensor (Asp170/Arg171) links oligomerization to the catalytic activity and exhibits characteristic conformations in both states ( Fig. S2) (12) . In agreement with this model, ClpP heptamers lack the interaction of the sensor residues with their counterparts on the adjacent ring and thus have an inactive triad. In the tetradacameric state, the senor feedbacks the correct assembly to the active sites, thereby ensuring controlled proteolysis.
Although most organisms possess a single ClpP protein with a conserved fold (6, 11, 13-16, 18, 20) , the genomes of some organisms encode two or more ClpP isoforms (21) (22) (23) (24) . For a cyanobacterial system, heptameric rings of mixed composition have been reported that interact with different chaperones (22) . In contrast, ClpP proteins from L. monocytogenes (LmClpP1 and LmClpP2) as well as from Mycobacterium tuberculosis have been found to assemble into heterooligomeric complexes composed of two homoheptamers (25, 26) . Inhibition of LmClpP2 with lactonebased inhibitors led to down-regulation of virulence without affecting viability (27) . In contrast, both mycobacterial ClpP subunits are essential for bacterial survival, emphasizing defined functional roles of ClpP proteins among species (26, 28) .
Interestingly, LmClpP2 shares a high-sequence homology with ClpP enzymes of various organisms that feature one ClpP (Fig. S1 A and C). LmClpP1 exhibits only 41% sequence identity with LmClpP2, raising the question of how these two distinct isoforms interact and how they differ functionally. Furthermore, there is a distinct difference between the two ClpP homologs in the composition of their catalytic triad: Asp172 of LmClpP2 is replaced by an asparagine in LmClpP1, an unusual observation within serine proteases that is, however, conserved in several uncharacterized homologs ( Fig. S1 A and C) . Although the replacement of an aspartate with an asparagine represents only a moderate structural alteration, it significantly influences the strength of the catalytic triad charge-relay system. The nucleophilicity of the active site Ser98 in LmClpP1 and LmClpP2 was previously monitored and compared by β-lactone activity-based probes (25, 29) . Although all monocyclic β-lactones selectively labeled LmClpP2 either as 1 E.Z. and A.L. contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: stephan.sieber@tum.de.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1219125110/-/DCSupplemental. a homooligomer or as part of the heterooligomeric complex, a probe derived from the bicyclic natural product vibralactone (VLP) was able to interact with both LmClpP1 and LmClpP2 catalytic sites. Importantly, binding of the ligand to LmClpP1 was only observed in the presence of LmClpP2 (25) .
Results
In our studies we performed a two-tiered strategy that first evaluates the chemical reactivity of the enzyme active site followed by the investigation of the corresponding molecular arrangement at the atomic level. To investigate the reactivities of the two different triads, we performed several in-depth chemical and biochemical assays with LmClpP1 and LmClpP2. Considering the electronic layout of a charge-relay system, it is expected that the natural Asp172Asn exchange in LmClpP1 reduces the strength of hydrogen bonds within the active site, thus lowering the nucleophilicity of Ser98. This is in accordance with previous findings that this mutation impairs LmClpP1 to open monocyclic β-lactones but still allows binding to bicyclic VLP (25) . To test if the LmClpP1 triad can be reactivated, we mutated Asn172 to Asp and subsequently monitored the active site acylation by the following procedure ( Fig. 3 A and B): (i) Living E. coli cells recombinantly expressing the mutant LmClpP1 construct were incubated with various lactone probes in situ (Fig. S3A). (ii) Following lysis, Huisgen-Sharpless-Meldal click-chemistry was used to attach a fluorescent rhodamine-azide to the alkyne handle (Fig. 3A) (30) (31) (32) . (iii) The proteome was separated by SDS/PAGE and lactone modified ClpPs were visualized via fluorescent scanning. Whereas VLP only showed moderate labeling of wild-type LmClpP1, mutation of Asn172 to alanine prevented binding to VLP completely (Fig. 3B ). This strongly indicates that Asn172 is an essential member of the catalytic triad and that it is required for proper acylation reactivity during peptide bond hydrolysis. Interestingly, the N172D mutant enzyme reacted not only with VLP but also with monocyclic probes G2 and E2 that did not bind to wild-type LmClpP1 (Fig. 3B ). These findings emphasize that the N172D redesign of the triad led to an increased reactivity of LmClpP1. We thus performed assays with fluorogenic substrates to quantitatively compare the catalytic activities of the LmClpP1 wild-type and mutant enzymes. The frequently used substrate Suc-Leu-Tyr-7-amino-4-methylcoumarin is only hydrolyzed by LmClpP2 but not by LmClpP1 (Fig. 3C) . We therefore used a tripeptide substrate with leucine at the P1 site (Leu-7-amino-4-carbamoylmethylcoumarin; SI Methods), which is cleaved by both LmClpP enzymes (for structural details on the fluorogenic substrate Leu-ACC, see Fig. S5B ). Remarkably, using this substrate, LmClpP1-N172D showed a ∼20-fold increase in peptidase activity compared with wild-type LmClpP1 (Fig. 3D) .
It was previously suggested that the activity of ClpP is coupled to the oligomeric state with heptamers as inactive and tetradecamers as active species (12, 25) . Recombinantly purified wild-type LmClpP1 exists predominantly as a heptamer. In contrast, the LmClpP1-N172D mutant formed a tetradecamer as shown by size exclusion chromatography (SEC) (Fig. S3B ). These findings indicate that the active site mutation affects both the reactivity as well as the oligomerization of the protease.
Next, we elucidated the β-lactone binding preferences of LmClpP1, LmClpP2, and LmClpP1-N172D with a collection of probes via in situ labeling experiments. Although wild-type LmClpP2 accommodates aromatic rings as well as medium to long aliphatic chains (e.g., E2, G2, U1P, 120P, and D3, respectively), LmClpP1-N172D favors small P1 sites as present in G2 and E2 (Fig. 3E ), indicating significant differences in the substrate binding channel. To quantitatively assess the amount of lactone binding, we applied intact protein mass spectrometry (MS) and determined the influence of all lactones on peptidase activity ( Fig. S4 A-C). For LmClpP1-N172D, solely VLP and, to a minor extent, G2 were able to reduce peptidase activity by 50% and 12%, respectively. Correspondingly, VLP was identified by MS to react covalently with LmClpP1-N172D. In case of LmClpP2, lactone-induced inhibition of peptidase activity corresponded well with the proportion of Top and side view of the tetradecameric ClpP complex from E. coli (10) (EcClpP, PDB ID code 1TYF, surface representation) with one subunit highlighted in dark gray. Each subunit (close-up, ribbon diagram) is made up of seven α-helices (denoted with letters) and 11 β-strands (denoted with numbers) and contains a catalytic triad (highlighted with red circles). Relevant secondary structures (α-helices E and F, β-strand 9) are highlighted in gold. (B) Sequence alignment of EcClpP with LmClpP1 and LmClpP2. The secondary structure elements are depicted for EcClpP. The catalytic triad is framed in red, the residues forming the E-helix are underlined in orange, the conserved proline and the glycins in the Glyrich loop are colored blue, and the Asp/Arg sensor is shown in green. covalently modified active sites as well as with results of gel labeling (Fig. 3E, Fig. S4B ). Additionally, we examined the kinetics for the reaction of LmClpP2 with the representative lactones G2 and U1P according to our previously established protocol (33) (Fig. S5) . The results revealed a one-step reaction for G2 and a reversible precomplex of enzyme and U1P before irreversible covalent attachment.
Heterooligomeric Complex Formation Stimulates Hydrolytic Activity of LmClpP1. Labeling of coexpressed and copurified LmClpP1 and LmClpP2 (in which only one of the two proteins contains a Strep-tag) with VLP yielded bands for both isoforms suggesting the presence of a heterooligomeric complex (Fig. 4A) (25) . However, this complex represents only a minor species in vitro as shown by analytical SEC experiments and native PAGE (Fig.  S6) . We therefore investigated the activity of several LmClpP1 and LmClpP2 active site mutants by in situ proteome labeling. As expected, the LmClpP1-S98A and N172A mutants were not modified by VLP due to disruption of the catalytic triad (Fig. 4B) . The corresponding mutations in LmClpP2 (S98A and D172A) resulted in inactive enzymes as well (Fig. 4C) . Interestingly, wildtype LmClpP1 retained acylation activity in complexes with both LmClpP2 mutants, demonstrating that LmClpP2 serves as an
To elucidate this aspect in more detail we analyzed a putative activation of LmClpP1 in the presence of LmClpP2 by peptidolytic assays. To ensure that the activity exclusively originates from LmClpP1, we used a copurified mixture of inactive LmClpP2-S98A and LmClpP1. Quantification through MS and coomassie gel yielded a ratio of 3:1-9:1 of LmClpP2-S98A to LmClpP1 varying with different preparations (Fig. 4D) . Interestingly, the complex of LmClpP2-S98A and LmClpP1 showed a 75-fold increase in peptidase activity compared with pure LmClpP1 (Fig.  4E) . Notably, LmClpP1 was even ninefold more active than the LmClpP1-N172D mutant in the heterooligomeric complex (Fig.  3D) . Because Suc-Leu-Tyr-AMC is not cleaved in the assay, side activity by E. coli ClpP can be ruled out (Fig. 4E) . As expected for LmClpP1-mediated activity, only VLP but not U1P reduced the peptidase turnover by 50% (Fig. 4F) . In agreement with β-lactone labeling (Fig. 4G) , these results point toward ClpP1 regulation dependent on the heterooligomer formation and, furthermore, display substrate preferences between LmClpP1 and LmClpP2.
Crystal Structures of LmClpP1 and LmClpP2. To gain insight into the molecular interactions that account for the observed differences in chemical reactivity, we determined the crystal structures of LmClpP1 and LmClpP2. Both enzymes were purified, crystallized, and the structures were determined by molecular replacement (Table S1 ). LmClpP2 was elucidated at 2.6 Å resolution and consists of two heptameric rings that form a tetradecameric barrel (Fig. 5A) . These two rings are interconnected by E helices, resulting in a cylindrical shape with a height of 86 Å. The helix is similar to previously reported structures in the active and extended form (10, 12, 17, 18) ; the complex height, however, resembles the inactive and bent form (11, 13, 15, 34) . The residues forming the catalytic triad (Ser98, His123, and Asp172) of LmClpP2 are misaligned in all 14 subunits (Fig. S7A) . This is further supported by the tilted position of the arginine sensor (Arg171) that engages in an intramolecular contact with Asp168 (Fig. S7B) . In analogy to inactive ClpP from S. aureus (SaClpP; Fig. S2 ), Arg171 hence lacks binding to Asp170 across the heptamer interface, which likely induces the misalignment of the proximal catalytic triad (Fig. S7) (12) .
The observation of an extended E-helix accompanied by an inactive triad is not present in many structures. A structural overlay between single subunits of extended SaClpP (active state), chloromethylketone-bound E. coli ClpP (CMK-EcClpP), and LmClpP2 reveals significant differences in the orientation and length of the Gly-rich region that precedes the central E-helix (Fig. 2) . In LmClpP2 the Gly-rich segment forms a long, unstructured loop accompanied by a partially unfolded and thus significantly shorter E-helix. In SaClpP and CMK-EcClpP, however, the Gly-rich region adopts beta strand conformation leading to a well-defined substrate binding channel (Fig. 2) (10, 19) . Of note, the beta strand mediates ring-ring contacts in the active structure of SaClpP and thus stabilizes tetradecamer formation (Fig. 2, Fig. S7 ).
The structure of LmClpP1 was elucidated at 2.0 Å resolution (Fig. 5B) . Surprisingly, the overall structural fold of LmClpP1 matches by 88% and a root-mean-square deviation of Cα-atoms of 0.9 Å despite the low sequence homology with LmClpP2 (Fig.  S7B ). This finding suggests that both enzymes evolved under phylogenetic pressure to conserve their overall architecture that is likely a prerequisite for recognition and heterooligomer formation. Again, the Arg171 sensor motif is tilted and the catalytic triad inactive (Fig. S7B) . Interestingly, structural alignments show an even shorter E-helix of LmClpP1 compared with LmClpP2 as well as an extended loop that is similar to the one observed for LmClpP2 (Fig. 2, Fig. S7A ). Within this loop alternative conformations are visible in the electron density maps, indicating structural flexibility in this region. Furthermore, the sequence comparison between LmClpP1 and LmClpP2 shows no identity in its primary structure and length within the N-terminal amino acids (Fig. 1B) . LmClpP1 thus exhibits a larger axial pore compared with LmClpP2 and other bacterial ClpPs (Fig. 5) , which is in line with results of previous electron microscopy studies (25) .
Crystal Structure of the LmClpP1-N172D Mutant. To understand the mechanistic basis for the reactivation of LmClpP1, we crystallized the LmClpP1-N172D mutant and determined its crystal structure to 2.0 Å resolution (Table S1 ). The enzyme assembles into a tetradecameric complex (Fig. 5C) , however with several striking differences compared with the wild-type (wt) LmClpP1 structure, (i) the catalytic triad is aligned as in the active SaClpP or EcClpP structures (Fig. S7A), (ii) the E-helix of LmClpP1-N172D is extended by four amino acids, and (iii) the loop region is four amino acids shorter as in the wild type, which is due to a transition of loop residues I136-A140 into the corresponding E-helix. As in the wild-type structure, no electron density was obtained for the Gly-rich loop.
The conformation of the catalytic triad-that is, the position of Asn/Asp172-is directly linked to an Asp-Arg sensor as previously described for SaClpP (12) . The interactions of the sensor residues Asp170 and Arg171 with their counterparts on the opposite ring ( Fig. 6 A and B) as illustrated in LmClpP1-N172D enable the interaction of the catalytic residues His123 and Asp172 in contrast to LmClpP1 wild type (Fig. 6B) . Hereby, several hydrogen bonds within the equatorial plane between the two heptameric rings are formed, stabilizing the tetradecameric complex. Interestingly, a conserved Pro125 undergoes major structural rearrangements that correspond to an aligned and a misaligned triad. The distinct states of Pro125 keep its trans configuration. This tilted position is indicative for an active triad, while rotation of the proline by 58°(backbone rearrangement C-α, 1.3 Å; N, 1.9 Å) as observed in wild-type LmClpP1 depicts an inactive state. Furthermore, this proline is at a central position that links the alignment of the active site via the flexible glycine-rich loop with the E-helix length.
Structural Expansion of Wild-Type and Mutant LmClpP1. Another striking difference between wild-type and mutant LmClpP1 is the lateral dimension of both complexes with 7% (6 Å) expansion of the mutant (Fig. S8) . The basis for the increased length is the prolonged E-helix in the mutant enzyme, which displaces both heptamers apart from each other, preventing a clash with helix F (residues Tyr162-Thr169; Fig. S8) . Interestingly, the lateral dimension of LmClpP2 is just in between these two states, contributing to the view that ClpP proteases are able to sample many different conformations (35) .
Discussion
Whereas ClpPs from bacteria that exhibit only one isoform have been studied in great detail, the function and regulation of systems with more than one ClpP isoform are still poorly understood. Pioneering work in mycobacteria revealed a heterooligomeric assembly of ClpP1 and ClpP2 in which the interaction of both heptameric rings stimulated activity and exhibited specialized substrate preferences (26) . Here we elucidate the high-resolution X-ray structures of LmClpP1, LmClpP1-N172D, as well as LmClpP2 and evaluate their activity by customized probes as well as substrate turnover assays. These chemical and structural experiments provide unprecedented insight into the regulation principle of the catalytic triad, which influences proteolytic activity, oligomerization, helix length, and complex size via several coordinated conformational changes.
Isolated LmClpP1 is almost inactive in peptidolytic and acylation assays. However, an active site redesign by mutagenesis induced both oligomerization and significant activation in peptide hydrolysis as well as lactone binding. In addition, LmClpP1 is significantly stimulated in a heterooligomeric complex with LmClpP2. These two observations of our biochemical studies identify an important regulatory role of the catalytic triad. We thus determined the key players of a complex structural network by comparing the wild-type and mutant LmClpP1 structures that revealed pronounced differences in the arrangement of the catalytic triad residue Asn172. The orientation of this amino acid influences two adjacent structural core features, the Asp170/ Arg171 sensor, important for oligomerization, and the Pro125 switch. This switch links the N-terminal end of the E-helix with His123 of the catalytic triad and thus helix length with enzyme activity (Fig. 7) . In the N172D mutant, this region is in a relaxed mode with the central Pro125 residue in a tilted position (58°) (Fig. 6A ). This structural rearrangement provides the helix more flexibility to expand. If this Pro125 rotates back, as observed in the wt structure, the loop residues pull at the helix end, leading to its partial unfolding. In turn, the position of the proline is directly coupled to the orientation of the catalytic triad His123 that adopts in two conformational states as well as reflecting the activity status of the enzyme. Therefore, the mutant structure corresponds to an active ClpP species with an aligned catalytic triad. By contrast, the LmClpP1 wild-type enzyme, which contains an Asn172, exhibits a weaker H-bond network with His123, likely causing a conformational change toward an unfolded Ehelix as well as an inactive triad (Fig. 7) .
Further properties of LmClpP1 are the lack of all conserved residues that are important for the interaction with ATP-dependent chaperones such as ClpX as well as an enlarged entry channel that might allow chaperone-independent accessibility of protein substrates (36) . This has been observed with N-terminal deletion mutants and with acyldepsipeptide-bound ClpPs that exhibit an enlarged entry pore and therefore unregulated proteolytic activity (18, (36) (37) (38) . However, a ClpX-independent proteolytic machinery would require tight regulation in vivo. Thus, the naturally occurring Asp to Asn substitution accounting for the reduced activity of LmClpP1 in combination with the restricted ligand specificity, as shown by our acylation and peptidolytic assays, seems to be an evolutionary invention ensuring controlled degradation processes.
Additionally, the proteolytic activity of LmClpP1 is governed by the need for heterooligomerization with LmClpP2. According to our data, we propose that activation of LmClpP1 is achieved by the interaction of its relaxed E-helix with the matching E-helix of the adjacent LmClpP2 heptameric ring across the tetradecamer interface. This interaction extends both helices, pushes the Pro125 switch, aligns the Arg/Asp network, and activates the LmClpP1 triad for substrate processing.
One prerequisite for LmClpP1/LmClpP2 heterooligomerization is dissociation of LmClpP2 into heptamers and an appropriate recognition by LmClpP1. Although LmClpP1 and LmClpP2 share low sequence identity, converged evolution of the two enzymes is a likely explanation that ensures a conserved overall structural fold and facilitates recognition of different heptamers for coordinated complex formation. We modeled a heterooligomer structure (Fig.  S7C) , confirming that the interaction between the two different rings provides sufficient contacts and stability, which is in line with our biochemical as well as EM studies (25) .
Taken together, we elucidate striking features of the two ClpP isoforms of L. monocytogenes, revealing an unprecedented regulation principle of LmClpP1 activity. Despite low sequence homology, LmClpP1 and LmClpP2 have evolved a similar overall Depicted is a model displaying all key residues within the inactive (compressed) and active (extended) tetradecamer. Activation proceeds through an extension of the E-helix, proline rearrangement, active site alignment, and interaction of the Asp/Arg residues across the heptamer interface. structural fold. However, a major difference is the nature of LmClpP1's unusual Asn-His-Ser catalytic triad (39) . Our mutational and structural experiments emphasize that this triad represents a key regulatory element that keeps LmClpP1 heptameric and inactive in absence of LmClpP2. In contrast, LmClpP2 is an active tetradecamer that is able to operate independently of LmClpP1. Moreover, our biochemical data show that both isoforms exhibit preferences for specific ligands and substrates in vitro.
Methods
Diffraction datasets were collected using synchrotron radiation of λ = 1.0 Å at the beamline X06SA, Swiss Light Source (SLS). Datasets were processed using the program package XDS (40) . Table S1 summarizes data collection and refinement statistics. Crystal structure analysis was performed by molecular replacement using the program PHASER (41) . For further crystallographic details, synthesis, cloning, mutagenesis, protein expression, purification and biochemical assays, see SI Methods.
